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Abstract 
Bird strike event, from which fan blade of aero-engine frequently suffers, always poses a danger to life on board. In this work, 
crashworthiness under bird strike event is taken into consideration in structural optimization of hollow fan blade together with 
static strength. First bird strike simulation on plate is conducted with the ALE method in ANSYS/LS-DYNA to validate the 
modeling algorithm and the effect of parameters variation on stress and strain result in bird material model is discussed. The 
effect is not obvious, so further optimization of the parameters is ignored. Bird strike simulation on solid and hollow fan blade 
shows that large deformation can absorb energy and relieve direct damage to blade. At this point, hollow structure hinders large 
deformation of the blade, thus causes more material failure than the solid one. 3-level orthogonal experiment is designed for 4 
key geometric factors of the hollow blade structural optimization with transient strength as the objective and static strength as the 
constraint. For further analysis, sensitivity analysis is conducted to figure out the most important factor. Final result for the 
optimization design is given.  
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of Chinese Society of Aeronautics and Astronautics (CSAA).  
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1. Introduction 
Foreign object damage (FOD) occurs continually in aviation industry, most of which comes from bird strike 
events[1]―soft body impact. As a rotating structure with high suction and broad cross-section area, the first stage fan 
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blades on civil engine are extremely vulnerable to bird strike impact which may lead to tip clearance changes, 
aerodynamic performance decreases, rotor imbalance, secondary damage and even casing puncture. Whether aero-
engine operates in a normal way or not directly affects aircraft’s safety as being its sole power source[2], thus, many 
countries have put forward relative airworthiness criterion concerning bird strike for aero-engine, like: the CCAR-
33R2 in China[3] and the FAR in the USA. 
Nowadays, hollow fan blade shows an extensive application in many of the most advanced turbofan engine in the 
world with the advantages of decreasing mass and increasing damping level for blade by adopting superplastic 
forming/diffusion bonding process. The form of corrugated board is a typical interior structure in the second 
generation of wide chord hollow fan blade in Rolls-Royce’s civil engine design which looks like reinforcing rib 
made from triangular truss. This corrugated structure demonstrates favorable structural integrity and durability in 
both experimental and practical applications[4]. Hitherto, a large number of analytical, experimental and 
computational research have been done in bird-strike field and many of which are of great reference value[5-9]. 
However, there is a lack of research focusing on hollow fan blade exposed to bird-strike and fewer works have 
combined structural optimization with fan blade under impact conditions which are both concentrated here. 
This paper achieves simulations of bird-strike events on plates and corrugated hollow fan blade with explicit 
finite element method by using commercial software ANSYS/LS-DYNA. It simulates impact on plates in accord 
with experimental reference conditions to validate fluid-structure interaction algorithm and to discuss the effect of 
bird material model parameters on simulation result. Bird-strike simulation between solid and hollow blade leads to 
the analysis of how hollow structure affects anti-strike performance. Finally, orthogonal experiment is designed to 
optimize geometric parameters for corrugated hollow fan blade based on these strike results which will provide a 
preferable design plan by considering more loading scenarios. 
2. Bird modeling 
Cylinder is chosen to represent the bird’s shape in accordance with the shape used in the reference test.  
2.1. Bird material model 
After impact with rotating blade, there is a very strong stress wave propagating through the bird which exceeds 
the limit strength its bones and muscles can withstand causing the bird behaves like fluid. Usually, the mechanical 
properties of bird under high speed impact are approximated by those of water whose relationship between pressure 
and density is expressed by use of EOS. The most frequently used EOS has a form of polynomial as follow: 
2 3
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In which μ is variation ratio of bird average density: 
0
= -1UP U    (2) 
ρ  and ρ 0 represent the bird’s transient density and initial density respectively. The introduction of EOS as the bird 
material model will avoid unreal disintegration of the bird model. 
2.2. Discretization method 
The accuracy of bird modeling process has the most profound effect on that of the simulation result. Frequently 
used discretization methods in the current are: Lagrange, ALE and SPH. Lagrange method was the earliest and once 
the most widely used one because of its easy modeling and high computational efficiency. However, it became 
difficult for this method to deal with big deformation in the model which causes element distortion and 
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computational error. Hence, ALE and SPH method are developed which can perfectly overcome the above defect. 
SPH is a rather new method and hasn’t been validated with enough simulation results yet, so ALE is adopted here at 
the price of a relative long computational time. As expected, the blade is simulated as solid with Lagrange element 
so as to interact with the Euler-meshed bird model. 
2.3. Interaction with the blade 
The impact between the two is seen as fluid interacts with solid. Penalty function, which traces the relative 
location between the Lagrange nodes and the Eulerian material, is adopted in the ALE method in LS-DYNA. Once 
the slave nodes penetrate the surface of the master material, boundary force is distributed on their penetrated surface. 
Magnitude of the force is proportional to penetrated depth and the erosion of the Lagrange elements can be realized 
as well. 
3. Simulation of impact on plate 
For comparison and validation of simulated results, bird-strike test is essential. Full-scale test on aero-engine is 
luxurious and tests conducting bird strike on plate are in most of the case. Since 1980s, a large number of tests on 
plates arose and these research results are proven to be valuable for today’s reference. 
3.1. Reference test 
In Wilbeck’s test[10], the thick steel plate is regarded as rigid and the normal impact can be divided into four 
stages. According to their theoretical analysis, the pressure at the center of the plate is also divided into four stages 
correspondingly among which appears two characteristic pressures. One is Hugoniot pressure PH and the other is 
steady-flow pressure PS. One of their tests is chosen as the benchmark for simulation results. 1kg-chicken with the 
shape of a cylinder struck the rigid plate normally at a real speed of 197m/s and the normalized pressure variation 
curve at the center of the plate was measured and is shown in figure1.According to Wilbeck[10], the theoretical value 
for PH and PS under this condition can be calculated as 281MPa and 18.4MPa with the normalized value 15.3 and 1 
respectively. 
3.2. Simulated result 
In the simulated model the plate has a dimension of 500mm×500mm×2mm and the bird has a length-diameter 
ratio of 2:1. Bird and its flow space are both meshed by Eulerian element and element type Solid164 is used for all 
the mesh. 
The simulated normalized pressure variation curve is also shown in Figure 1 (a) in comparison to the 
experimental one. It can be seen that the changing trend of the two curves are quietly the same but the characteristic 
 
Fig. 1. (a) simulated result for plate; (b) finite element model of hollow blade. 
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pressures of the simulated one are higher than those of the test. PH of the simulated result is closer to theoretical 
result and that of the test may be smaller due to limit of measuring instrument several decades ago. PS of the 
simulated result is higher than 1 because the compressibility of real bird leads to the decrease of its density during 
impact process. To this extent, the simulated result is closer to real situations. 
3.3. Parameter variation in bird material model 
Different parametric value appears in different research and there is no unified standard for their value. The 
parameters in the material model may affect simulated result, so a frequently-appeared value range is defined for 
each parameter to see how result was affected by each of them and to optimize the important ones. Another 
experimental result of a steel plate is referred here[11]. A great deal of computation is conducted and the results show 
that the stress and strain measured in the plate do not vary dramatically as expected when each of ², C1, C2 and C3 
varies in their range. Hence, further optimization of these parameters is unnecessary to which frequently-used values 
are assigned as shown in Table 1. 
Table 1. .Parameters of bird material model 
Parameter ² (kg/m3) C0 (MPa) C1 (MPa) C2(MPa) C3(MPa) 
Value 950 0 2323 5026 15180 
4. Bird strike on fan blade 
4.1. Blade model 
The hollow part of the blade is corrugated and mainly consists of core veneer and wallboard[12]. 24 core veneers 
are used in the hollow part which makes up 2/3 of the whole length of the blade remaining some distance to the top, 
the bottom, the leading edge and trailing edge. The thickness of the wallboard varies along the blade from top to 
bottom. 
The blade is meshed by element type Solid164. The wallboard is meshed into two layers of element along its 
thickness direction while core veneer is meshed into one layer as shown in Figure 1 (b). The surface of the bottom of 
the blade is meshed by element type Shell163 and is defined as rigid body in order to represent the hub and transfer 
rotation from the axes to the blade. The solid element number for the blade is 38400 and the shell element number is 
786, the node number is 51204. 
The corresponding solid blade has the same shape as the hollow one but its core is solid. 
4.2. Blade material model 
Bird strike is a transient process in which material undergoes large deformation and high strain rate. There are 
several material models for metal concerning strain rate among which the Cowper-Symonds material model is the 
most popular one because parameters in it is easy to obtain with experiment. Its form is as follow: 
1
0= 1+
P
C
HV V
ª º§ ·« »¨ ¸« »© ¹¬ ¼
   (3) 
In which 0V  is initial yield stress, H  is strain rate, C and P is Cowper-Symonds strain rate parameters. Their 
values are shown in Table 2. 
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4.3. Computational model 
The whole computational model is shown in Figure 1 (b) with the blade rotating at the speed of 9000r/min and 
the bird’s axial speed of 100m/s striking at 67% of the blade length. Interaction time is set to 0.8ms. the bird model 
can flow in the Eulerian elements around it. 
Table 2. Parameters of blade material model. 
Parameter Value Parameter Value Parameter Value 
E 110 GPa C 153589 µ 0.34 
² 4440 kg/m3 P 4.73 ³0 919 MPa 
¦f 0.18     
4.4. Pre-stress 
The blade rotates steadily before impact, so there is a stead centrifugal stress field distributing in it. Figure 2 
shows the Von mises stress distribution for solid and hollow blade computed with ANSYS implicit analysis. 
4.5. Result 
During the whole impact process, local high stress region first appears in the leading edge which gets into contact 
with the bird first. Then it goes through other areas of the blade to the root at last, while plastic strain region appears 
only around the leading edge, trailing edge, where the bird struck, and the root. It demonstrates that every part of the 
blade is subject to the impact but the plastic strain region suffers more. The maximum Von Mises stress is 
1877.76MPa and 1829.05MPa for solid and hollow blade respectively during the process and they all appear in the 
     
1390   Zeng Chuan et al. /  Procedia Engineering  99 ( 2015 )  1385 – 1394 
 
Fig. 2. (a) Von Mises pre-stress field of solid blade; (b) Von Mises pre-stress field of hollow blade. 
 
Fig. 3. (a) Von Mises stress of solid blade at T=0.8ms; (b) Von Mises stress of hollow blade at T=0.8ms. 
leading edge. Stress variation levels are basically the same for both blades. Damage all occurring in the leading edge 
for both blades means it suffers most from bird strike as shown in Figure 3. However, damage of the hollow blade is 
severe than the solid one and deformation in leading edge and trailing edge of the solid blade is larger than the 
hollow one. It can be concluded that large deformation would absorb more impact energy and relieve direct material 
failure and hollow structure of the blade causes a disadvantage of performing that. At this point, the crashworthiness 
of the hollow blade is slightly worse than the solid one. 
5. Structure optimization based on bird strike analysis 
Strength design is an essential task involving in structural design and optimization for the hollow fan blade. 
However, only static strength is taken into consideration in most cases. In this paper, the transient stress and 
corresponding damage caused by bird strike is involved in geometric optimization for the blade in combination with 
static strength. 
5.1. Geometric parameters of the blade 
6 basic parameters are needed to fully describe geometric characteristic of the hollow fan blade: 
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x D1~D8. First point. The thickness of the wall board varies at different diameter. 8 thicknesses with the same 
interval from the top to the bottom of the blade are chosen to represent thickness variation. 
x C. The thickness ratio of the core veneer to the wallboard. 
x L. The ratio of the total length where the core veneer is connected with the wallboard to the average arc length at 
a cross section in which all the nodes has the same distance to the hub. 
x N. Number of core veneer at a cross section. The increase of the number will increase blade strength but decrease 
the length a core veneer connected with the wallboard which will decrease strength in their connection. Base on a 
great deal of computation, N=24 is chosen in this research as a proper parameter and is not involved in 
optimization process. 
x The distance from the top of the hollow part to the tip is fixed in this research. The hollow part takes up about 2/3 
of the total length of the blade. 
x The distance from the bottom of the hollow part to the hub is fixed in this research. 
5.2. Description of the optimization problem 
D1~D8, C and L are chosen as variations in this optimization as mentioned above. The static strength and the 
mass of the blade m are chosen as constraints and the bird-strike results are chosen as objective function. The static 
strength is represented by the maximum Von Mises stress © in centrifugal stress field and the bird-strike results are 
represented by the maximum Von Mises stress ³ and damage ¨ during impact process. The damage is classified 
into 3 stages in which stage 1 means the worst damage and stage 3 means the slightest damage occurring to the 
blade.  Former computation and results show that D2~D5 and D7~D8 have little effect on static and bird-strike results, 
so D1, D6, C and L are chosen as 4 final variations.  
5.3. Orthogonal experimental design 
L9 (34) orthogonal experiment is chosen as the method for the optimization with 2 constraints and 2 objective 
functions. For an orthogonal experiment, if m factors are selected and each has p levels, then n tests are designed, 
which will produce n results, without considering interaction among factors. Assume that one of the results of level i 
under factor j is written as kijy  in which k represents test k among n/p tests, then the average result of level i under 
factor j as follow: 
/
1
n p
k
ij ij
k
T y
 
 ¦    (4) 
ij ij
pM T
n
    (5) 
The comparison among different ijM  for the same factor reveals the impact trend in which the factor will affect the 
result with different levels. The range of all the results of level i under factor j is define as follow: 
max minj kj kjR M M     (6) 
It reveals the extent to which the factor will affect the result. The bigger in its value, the severer in its effect. 
Table 3 shows levels chose for the 4 factors. 
Table 3. Optimization factors and their corresponding levels 
Level D1(mm) D6(mm) C L 
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1 2241.33 2318.50 2122.50 2016.95 
2 2281.72 2127.70 2303.97 2463.00 
3 61.89 190.8 281.47 446.05 
5.4. Blade modeling 
Changing geometric parameters will lead to changes in geometry model and finite element model which makes 
modeling quite complicated. A little internal program by APDL is used to generate finite element model directly in 
ANSYS after parameter input which provides a convenient access to model changes. 
5.5. Result 
Orthogonal experimental results for static strength © and mass m are shown in Table 4 from which very slight 
variation in results is observed and all the results stay in a reasonable range. Hence, © and m are not taken into 
consideration in the following analysis. The results for transient strength ³ and damage ¨ are shown in Table 5 
and the results for how each factor affects ³ and ¨ are shown in Table 6 and Table 7. From Figure 4 which 
illustrate the way each factor affects the two objectives, it is clear that D6, C and L have opposite effect on³ and¨. 
Since ³is expected as low as possible and ¨ is expected as high as possible, their opposite effects make it 
convenient for ³ and ¨ to reach their goals simultaneously. From this figure, it can draw the conclusion easily that 
level 2 is best for D6, level 1 is best for C  and level 1 is best for L. As for D1, its effect on ³ and¨ varies alike, so 
sensitivity analysis is conducted to identify the importance of the four factors’ effects as shown in Figure 5. It can 
Table 4. Orthogonal experimental results of © and m. 
Number  © (MPa) m Number ©(MPa) m 
1 463.944 0.7141 6 429.600 0.7421 
2 455.206 0.7287 7 429.617 0.7421 
3 446.649 0.7427 8 439.007 0.7186 
4 432.716 0.7284 9 438.658 0.7331 
5 432.448 0.7425    
Table 5. Orthogonal experimental results of ³ and ¨. 
Number ³(MPa) ¨ Number ³ (MPa) ¨ 
1 1956.39 2 6 2421.02 3 
2 2493.12 1 7 2474.85 1 
3 2274.48 2 8 1990.09 3 
4 2524.25 2 9 2194.55 2 
5 1899.9 3    
Table 6. Visual analysis of effects of the 4 factors on³. 
 D1(mm) D6(mm) C L 
M1 2241.33 2318.50 2122.50 2016.95 
M2 2281.72 2127.70 2303.97 2463.00 
M3 2219.83 2296.68 2216.41 2262.94 
R 61.89 190.8 281.47 446.05 
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Table 7. Visual analysis of effects of the 4 factors on. ¨ 
 
 
Fig. 4. (a) visual analysis of effects of the 4 factors on ³; (b) visual analysis of effects of the 4 factors on ¨. 
 
Fig. 5. (a) sensitivity analysis of effects of the 4 factors on ³; (b) sensitivity analysis of effects of the 4 factors on ¨. 
be seen that L has absolutely larger effect on ³ than other factors and D1 has larger effect on ¨ than on ³, so the 
determination of D1 depends mainly on the results of ¨. Level 2 is the best for D1. Final result of the orthogonal test 
is shown in Table 8. 
Table 8. Final result of the orthogonal 
 
6. Conclusion 
Bird strike is an unavoidable event for aero-engine designers nowadays who have tried hard to study how it 
exactly happens in experiments and simulations in order to improve their designs. Usually bird strike test is 
conducted for certification of the engine but the event is not involved in structural design and geometric 
optimization process. In this work, bird strike on a plate is simulated first to validate the algorithm and the effect of 
parameters on results in bird material model is discussed. Then, bird strike on solid blade and hollow blade are 
 D1(mm) D6(mm) C L 
M1 1.67 1.67 2.67 2.33 
M2 2.67 2.33 1.67 1.67 
M3 2 2.33 2 2.33 
R 1 0.66 1 0.66 
Factors D1(mm) D6(mm) C L 
Value 1.9 1.25 0.2 0.3 
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simulated to see how hollow structure affects crashworthiness. Finally, geometric optimization for hollow fan blade 
based on crashworthiness is conducted with the method of orthogonal experiment. 
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